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To determine the amino acid residues required for the signa;-transducing activity of the human c-Ha-Ras protein, we introduced point mutalions 
at residues 45 54 near th¢ "¢ffcctor egion" (rcsiducs 32 40). Wc transfected P¢~'i 2cells with th~ mutant genes and also micro-injected hemutant 
prot,:ins, t~ound with an unhydroly~ble GTP analog, into PCI 2 oclls, Both prot,~'dures show~l that Vai¢s--*Glu and Gly~--~Cys mutations impaired 
the abiiity of the Ras protein to induce morlphological change of PCI 2 cells. These mutations did not affect the guanine nucleotid¢-binding activity 
or GTPase activity in the absence or presence of bovine GTPase-activatin 8 protein (GAP). Therefore. the Val 4~ and G!y 4s residues should be included 
by definition in the effector region responsible for the signal tra~tsduction, white only a subset of the effector-region residues is requirc<l for 
enhancement of the GTPase activity by GAP. 
c-Ha-rag; Krev-I- Effector region; GTPasc acttvating protein; Mutagenesis 
!. INTRODUCTION 
The  Rag  prote in  is a guan ine  nuc leot ide -b ind ing  pro -  
te in .  "Act ivated"  Ras  prote ins ,  wh ich  have  much lower  
GTPase  act iv i ty  than  that  o f  the normal  Rag  prote in ,  
p romote  t rans format ion  o f  N IH  3T3  cel ls [!], te rmina l  
d i f fe rent ia t ion  o f  rat  pheochromocytoma (PC  ! 2) cel ls 
[2,3] and  maturat ion  o f  Xenopus  oocytes  [4]. The  GTP-  
bound fo rm o f the  Ras  prote in  has  been  shown to  be  the 
act ive  fo rm for  these s igna l  t ransducers  [5]. The  s igna l -  
t ransduc ing  act iv i t ies  are  impa i red  by  mutat ions  at  
amino  ac id  res idues  32--40 [6]. Mutat ions  at  res idues  
32-40  do  not  in f luence  the guan ine  nuc leot ide -b ind ing  
ac t iv i ty  o r  the  GTPase  act iv i ty ,  so these  amino  ac id  
res idues  are  cons idered  to  const i tu te  a reg ion  that  is 
invo lved  in  in teract ion  w i th  the  ta rget  e f fector  o f  the 
gas  prote in  ( the  "effector reg ion"  or  "e f fec tor -b ind ing  
reg ion ' )  [6l- 
The Krev- !  gene [7], wh ich  is ident ioa l  to  the  stag21 
gene [8] and  the rap lA  gen¢ [9], has  been  found to  be 
a suppresser  gene  o f  t rans format ion  by  an  ac t ivated  
K - ras  gene.  The  amino  ac id  sequence  o f  the  Krev - I  
p ro te in  is very  s imi la r  to  that  o f  the  Ram prote in .  In  
par t i cu la r ,  res idues  32--40 o f  the  Krev - I  p ro te in  are 
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ident ica l  w i th  the cor respond ing  e f fec tor - reg ion  resi- 
dues  32-40  o f  the Ras  prote in .  However ,  mutat ions  
cor respond ing  to the "act ivat ing" mutat ions  o f  the ras 
genes  d id  not  resu l t  in  t rans forming  act iv i ty  o f  the Krev-  
! gene  [113]. There fore ,  amino  ac id  res idues  o ther  than  
those  a t  pos i t ions  32-40  are  requ i red  for  the s igna l -  
t ransduc ing  ac t iv i ty  o f  the Ras  prote in .  Zhang et al. 
showed that  a ch imer ic  p ro te in  cons is t ing  o f  res idues  
41-60  o f  the  Krev - !  p ro te in  and  the  o ther  res idues  f rom 
the  Ras  prote in  have  no  t rans forming  act iv i ty  [11]. 
There fore ,  some o f  the  res idues  at pos i t ions  41-60  o f  the 
Rag  prote in  must  be essent ia l  for  the  s ig , ;a l - t ransduc ing  
act iv i ty ,  and  may be long  to  the e f fec tor  reg ion ,  
The  GTPase  act iv i ty  o f  the Ras  prote in  is enhanced 
by  the  GTPase-act ivat ing  prote in  (GAP)  [12,13]. The  
enhancement  o f  the  GTPase  act iv i ty  requ i res  res idues  
32-40  [14,15]. However ,  it is not  yet c lear  whether  GAP 
is a ta rget  e f fec tor  o r  a negat ive  regu la tor  o f  the Ras  
prote in  [! 6]. GAP  for  the  Ras  prote in  has  h igher  af f in i ty  
to  the Krev - i  p ro te in  than  to  the Ras  prote in ,  but  does  
not enhance  the  GTPase  act iv i ty  o f  the Krev - I  p ro te in  
[17,18]. Th is  ind icates  that  some res idues  o ther  than  
res idues  32-40  are  requ i red  fo r  "GAP sensi t iv i ty"  ( the  
ab i l i ty  to  undergo  enhancement  o f  the  GTPase  act iv i ty  
o f  the Ras  prote in  by  GAP) .  
The  amino  ac id  res idues  a t  pos i t ions  45, 46, 48, 49, 
50, 52 and  54, near  the prev ious ly  ident i f ied  ¢f fector  
reg ion ,  d i f fe r  in  the Ras  and  Krev - I  p ro te ins  [7]. There -  
fore,  in  the present  s tudy ,  we const ructed  a series o f  
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I~ig. I Morpho log ica l  change o f  !~12 cei ls  induced  by mutant  ras genes (Valt=-type). The  photographs  w~re taken  24 h a f ter  the add i t ion  o f  
de~amethasone .  I~CI 2 cel ls were t ransfected wi th  the  or ig ina l  gene (a), o r  the gene  car ry in  8 the second mutat ion(s t ,  Va l4S- -~ lu  (b), Gly4S--44~ys 
(c), Glu4~---~GIn (d),  ThrS°*-~GIn (e) o r  LeuS=---~Met / Asp~---~Glu (f). 
mutant  Ras  proteins by site-directed mutagenes is  at one  
or two  o f  these posi t ions (except pos i t ion  46 occupied 
by lie in Ras  and by Val in Krev-1); the residue o f  the 
Ras protein was replaced by  the cor respond ing  residue 
o f  the Krev+! prolein.  Then,  we analyzed the signal- 
t ransducing activit ies o f  these mutant  Ras  proteins in 
PC I2  cells and also their GAP  sensit ivity in vitro. 
2. MATERIALS  AND METHODS 
2.1. Preparations o f  normal and mutant Ras proteins 
Mutat ions  were  in t roduced  into  a synthet ic  human c-Ha-ras gene 
[18] by  o l igonue leot ide-d i rected  mutagenes is  usin 8 a Muta -Gene k i t  
¢Bio-Rad).  Mutant  Ras  pro te ins  were overproduced  in E. coli and 
pur i f ied as  descr ibed [191 wi th  the  mod i f i ca t ions  that  the buffer  A 
conta ined  5 mM MgCI2 and  no  n-octyl  g lucoside.  
2.2. Measurements o f  dissociation rates o f  guanine nucleotides and 
GTP-as¢ activities o f  Ros proteins i~ the absence and presence o f  
GAP 
The d issoc ia t ion  rates  o f  GDP and  GTP  f rom each mutant  Ras  
prote in  (Glyl2-type) were  measured  as descr ibed prev ious ly  [20]. The 
int r ins ic  ¢JTPas¢ act iv i ty  and  the GAP sens i t iv i ty  o f  each  mutant  
p ro te in  were ana lyzed  as  descril~¢~ prev ious ly  [27]. 
2.3. Transfecti,,n o f  PC I2  cells with mutant ras  genes 
An one, ogent¢ ras  8ene (GlylZ--+Val) add i t iona l ly  car ry ing  one  o f  the  
mutat ions  descr ibed above  was  sube loned  in to  the mammal ian  expres-  
s ion vector  pMAM-neo  (C lontech) .  PC I  2 cel ls were  t tans fected  with 
DNA (5 pg)  by the ca lc ium phosphate  prec ip i ta t ion  method  and  
G418- res i s tant  c lones  were  obta ined .  Express ion  o f  the mutant  ras  
gene was  induced by dexamcthasone ,  and  aeur i te  outgrowth  o f  PC 12 
cel ls was  measured .  
2.4. Mi¢'ro-inje~'tion o f  the GMPPNP-bou~Jd Ras proteins into PC I2  
¢~'ti.s 
The pur i f ied Ras  pro te in  (Gly~2-type) in the GOP-bound for-:n (I 
mr )  was  incubated  w i lh  GMPPN , an  unhydro lyzab le  ana log  o f  GTP ,  
(0 .2~mol )  and  I mM EDTA for 5 ra in  at 37°C. Then  frec nuc leot ides  
were  removed by u l t ra f i l t ra t ion  i  a Cent r i con-10  (Amicon) .  Th is  cycle 
was  repeated  three t imes.  HPLC ana lys i s  conf i rmed that  95~ of  the  
prote in -bound nudeot ides  were  conver ted  f rom GDP to  GMPPNP.  
PC I2  cel ls were  re -p la tcd  24 h before miero - in ject io~ at cel l  dens i t ies  
o f  I × 10 ~ cel ls /dish.  Mutant  Ras  pro te ins  in the  GMPPNP-bound 
fo rm ( IO mr/ roD were  in jected in lo  100-200 cel ls w i th  an injectos~cope 
[MF-2  (O lympus) .  
3. RESULTS 
3. i. S igna l - t ransduc ing  act iv i t ies  o f  mutant  ras eenes  
We invest igated th~ :, ignai-transdu¢ing activit ies o f  
the mutant  ras genes to promote  neurite outgrowth  o f  
PC I2  cells (Fig. 1). Al l  the mutant  genes tested had a 
mutat ion  in the region o f  residues 45-54  in add i t ion  to 
the "activating' Gly~2--~Val mutat ion  ('Va|12-type ' mu-  
tants). The presence o f  these mutant  proteins in the 
transfected PC I2  cel ls was conf i rmed by Western blot-  
t ing analysis  us ing an ant i -Ras  monoc lona l  ant ibody,  
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Table I 
Signal-transducing activities of Ras proteins 
Mut,~tion between 
positiona 45 and 54 






(Gly ~ "-type) 
None 97 67 
Va l*~ lu  0 4 
Gly~--~ys 0 5 
GIu4*-~Gln 91 N D" 
Thr~°---~ln 84 ND 
LeuS:--~Met I Asp~---~lu 82 ND 
*The  numbers  o f  PC I  2 cel ls  that  extended neur i tes  were  counted  and  
are  shown as  percentages  o f  the  to ta l  number  o f  the  cel ls  t rans fected  
w i th  the  mutant  ras  gene or  mic ro - in jec ted  w i th  the  GMPPNP-bound 
mutant  Ras  prote in .  
~Not  determined .  
NCC-RAS-004 [22]. On  express ion  o f  the Va l '2 - type  ,as  
gene w i th  a second mutat ion  ofGluag- - -~Gln,  Thr~°---~Gin 
or  LeuS~----)Met/AspS~---~Glu in PC12 cells, the neur i te -  
outgrowth  ef f ic iency was  as  h igh  as that  on  express ion  
o f  the or ig ina l  VaP2- type  ras gene (more  than  80% o f  
the  cel ls  extended neur i tes )  (Tab le  ! and  F ig .  1), In  
cont ras t ,  PC I2  cel ls  express ing  the  VaP  2- type  ras gene 
w i th  a Val*~---~Glu or  Gly4S---~Cys mutat ion  extended no  
neur i tes  (Tab le  I and  F ig .  i ). Thus ,  o f  the  f ive mutat ions  
tested,  Val~5---~Giu and  Gly~----~Cys mutat ions  were  
found to  impa i r  the  s igna l - t ransduc ing  act iv i ty .  
3.2. S igna l - t ransduc ing  act iv ' t ies  o f  mic ro in jec ted  
GMPPSP-bound ~as  proterzJS i~t PC I2  cel ls 
We then  used  Ras  prote ins  w i th  L |yc ine  a t  pos i t ion  12 
(G ly l2° type  mutants ) .  As  w i th  the  w i ld - type ,  Val4S-->Glu 
mutant  and  Gly4~--->fys mutant  Ras  prote ins ,  we ex-  
changed bound GDP for  GMPPNP,  and  micro in jec ted  
the  GMPPNP-bound Ras  prote ins  in to  PC I2  cells. The  
Va145---~Glu and  Gly4a--->Cys mutant  Ras  prote ins  in-  
duced  neur i te  outgrowth  in on ly  a smal l  f rac t ion  (4 -5%)  
o f  the mic ro - in jec ted  PC  ! 2 cells, whereas  the w i ld - type  
Ras  prote in  induced  neur i te  outgrowth  in 67% o f  the  
in jec ted  cel ls  (Tab le  I). 
3.3. Guan ine  nuc leot ide-b ind ing  act iv i t ies  and  GTPase  
act iv i t ies  in the absence  and  presence  o f  GAP  
Next ,  we examined the  b iochemica l  act iv i t ies  o f  these  
mutant  Ras  prote ins  (G ly t2 - type) .  We measured  the 
ra tes  o f  d i ssoc ia t ion  o f  the bound GDP and  GTP  f rom 
the  Ras  prote ins  by  count ing  the  rad ioact iv i t ies  o f  [8,5"- 
SH]GTP  or  [8 ,5" -SH]GDP remain ing  bound to the Ras  
prote ins  a f ter  incubat ion  in  the  presence  o f  Mg 2", and  
es t imat ing  the  d i ssoc ia t ion  ra tes  o f  GDP and  GTP  f rom 
semi logar i thmie  p lo ts  (Tab le  I I).  Resu l t s  showed that  
the mutat ions  had  l i t t le  effect on  the d i ssoc ia t ion  rate.  
We a lso  measured  the  GTPase  act iv i t ies  o f  the  mutant  
Table I I 
Dissociation rales of GI)P and GTP. and (TTPase activitie~ in the 
absence and presence ot" (~AI' of the R~ts protein~ 
Mutat ion  b l2|wcen I ) isst~clat ion r:lle" ( iTPase act iv i l y  
positions 45 and 54 (ha× 10~/min *) (~×10~/.nin ~) 
GDP GTP -GAP 4 GAP 
None 5 5 4.4 ! .7 48  
Val4~-~Glu 7,6 5,8 1,4 4.8 
Gly~--~Cys 4.6 4. ! 1.9 5.1 
GI u49---~GIn 5.3 4.8 1.8 5.3 
Thr~P---~GI n 5.8 4_6 2. i 4.1g 
LeuS:--~Me! / Asp54----~Glu 6.4 5.3 3.0 5.8 
"Rates of Oissociation of protein-bound I8,5"-~H]GDPor [8.5"-'i-IIGTP 
in the presence of I,~0 mM MgCI~ and 20 mM GTP. 
Ras  prote ins  in the absence  and  presence  o f  GAP.  The  
in t r ins ic  61Pase  act iv i t ies  o f  all the mutant  Ras  pro-  
te ins  were s imi la r  to that  o f  the w i ld - type  Ras  prote in ,  
except  for  that  o f  the Leu~' - -~Met  / AspS4--~Glu mutant  
p ro te in ,  wh ich  has  a 2- fo ld  h igher  GTPase  act iv i ty  
(Tab le  !1). The  GTPase  act iv i t ies  o f  these mutant  Ras  
prote ins  in  the presence  o f  GAP were  pract. ica!ly the 
sam~ (Tab le  I lL  The  rat ios  o f  the GTP-hyciro l~csis  ,-ate 
in the presence  o f  GAP to that  in its absence  were also 
sim;.lar (67-120%L i here fore ,  th is  reg ion  does  not  ap-  
pear  to  be  re la ted  to the  in teract ion  wi th  GAP.  
4. D ISCUSSION 
In  the present  s tudy ,  we have  ident i f ied two  res idues  
(Va145 and  G ly  4~) that  were requ i red  for  the s ignal  
t ransduct ion ,  and  that  a re  located outs ide  the prev ious -  
ly ident i f ied  e f fec tor  reg ion  ( res idues  32 40) .  The  pres-  
ence  o f  such  funct iona l  res idues  in the reg ion  o f  res idues  
41-60  has  been  pred ic ted  f rom the f ind ing  that  a ch ime-  
ric Ras  prote in  conta in ing  these 20 res idues  f rom the 
Krev-1  prote in  d id  not  have t rans forming  act iv i ty  [13]. 
The  Val~5---~Glu and  G ly~- -~Cys  mutat ions  impa i r  the 
s igna l - t ransduc ing  ac t iv i ty  o f  both  the normal  Ras  pro -  
te in  (G ly lZ - type)  and  the ac t ivated  Rat  p ro te in  (Val *2- 
type),  l~ut these mutat ions  d id not  affect the guan ine  
nuc leot ide -b ind ing  ac t iv i ty  o r  the in t r ins ic  GTPase  ac- 
t iv i ty  (Tab le  !I) .  
There  was  a poss ib i l i ty  that  Va145 and  G iy  4~ were 
requ i red  fo r  in teract ion  o f  the Ras  prote in  ,vith t~e 
guan ine  nuc leot ide -exchange fac tor  [23,24]. However ,  
mic ro - in jec t ions  o f  the  Vat45----)Glu and  G ly~- -~Cys  
mutant  Ras  prote ins  in  the GMPPNP- i Jound  fo rm did 
not  induce  morpho log ica l  change o f  PC  12cel ls,  ind ica -  
t ing  that  these two  res idues  are  probab ly  requ i red  for 
in teract ion  w i th  t e  ta rget  ef fector .  There fore ,  the  effee- 
to r  reg ion  or  e f fec tor -b ind ing  reg ion  shou ld  be extended 
by  de f in i t ion  to  cover  the Val  4-~ and  G ly  ~ res idues.  The  
G ly  ~ res idue  is located  at the turn  between the two 
s t rands  ( res idues  38-46  and  49 57) const i tu t ing  the  an-  
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t ipara l le l  f l - sheet  [25 ,26] ,  suggest ing  that  ~he G ly4S- ->Cys  
mutat ion  may a f fec t  the  conformat ion  o f  th i s  ant ipara l -  
lcl  E -sheet .  
Res idues  32-40  o f  the  Ra~ prote in  a re  a l so  requ i red  
fo r  GAP sens i t iv i ty  [14 ,15] ,  a l though the  prob lem o f  
whether  GAP is the  ta rget  c f fcc tor  o r  a negat ive  regu la -  
to r  o f  the  Ras  prote in  has  not  yet  been  reso lved .  Some 
res idues  o ther  than  res idues  32-40  have  been ant ic ipa -  
ted  a l so  to  be  requ i red  fo r  GAP sens / t iv i ty  [17 ,18] .  In  
fac t ,  res idues  21-31  (o r  some o f  them)  at,= requ i red  fo r  
the  s igna l - t ransduc ing  act iv i ty  and/or  GAP sens i t iv i ty  
o f  the  Ras  prote in  ({ i l ] ,  unpub l i shed  resu l t s  by  M.  
Sh i rouzu ,  J .  Fu j i ta -Yosh igak i  and  S. Yokoyama) .  How-  
ever ,  the  present  ana lyses  showed that  the  reg ion  o f  
res idues  45-54  do~s tot ~t,~,te, in  any  res idue  that  is im-  
por tant  fo r  the  GAP sens i t iv i ty  o f  gas .  
Va145--->Glu and  (31y4S--~Cys mutat i ( ,ns  o f  the  Ras  
prote in  d id  not  a f fec t  the  GAP sens i t iv i ty ,  but  resu l ted  
in  loss  o f  s igna l - t ransduc ing  act iv i ty .  GAP sens i t iv i ty  
has  been shown not  to  be  cor re la ted  w i th  ~, igna l - t rans -  
duc ing  act iv i ty  in  some mutants  a t  pos i t ion  35  or  40  
[16].  There fore ,  the  e f fec tor  reg ion  is  longer  than  the  
prev ious ly  de f ined  reg ion  o f  res idues  32-40 ,  and  a sub-
set  o f  res idues  in  the  extended e f fec tor  reg ion  const i tu tes  
the  determinant  fo r  GAP sens i t iv i ty .  
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